portant because they constitute the metabolic and sigThe identification of subpicomolar amounts of protein by mass naling pathways that control the growth and developspectrometry (MS) coupled with two-dimensional methods to sepa-ment, structure, operation, replication, and selective rate complex protein mixtures is fueling the field of proteomics, elimination of cells. A protein's role is reflected in its and making feasible the notion of cataloging and comparing all interactions with other proteins (1). Therefore, the idenof the expressed proteins in a biological sample. Functional proteotification and deconvolution of multiprotein complexes mics is a complementary effort aimed at the characterization of is a mechanism to better understand protein function functional features of proteins, such as their interactions with other proteins. Proteins comprise modular domains, many of which are and cell regulation. Since errors in protein-protein innoncatalytic modules that direct protein-protein interactions. Cap-teractions can manifest in human disease (e.g., see (2)), turing proteins of interest and their interacting proteins by using the systematic definition of protein-protein interachigh-affinity antibodies presents a simple method to prepare rela-tions holds great potential for the identification of new tively simple protein mixtures easily resolved in one-dimensional targets for therapeutic intervention.
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formats. Individual or mixtures of proteins identified as stained
Protein function can be determined by a combination bands in polyacrylamide gels are subjected to in situ digestion of methods that exploit the high-affinity nature of prowith the protease trypsin, and the extracted peptide fragments tein-protein interactions to capture protein complexes are analyzed by MS. The quality, quantity, and complexity of the and the application of ultrasensitive protein identificatryptic digest, the species origin of the proteins, and the quality of tion techniques. Over the years different techniques the corresponding databases of genomic and protein information based on mass spectrometry (MS) have come to domigreatly influence the subsequent MS analysis in terms of degree of difficulty and methodological approach required to make an nate the field of protein analysis. This is in part due unambiguous protein identification. In this article we report the to the tremendous advantages that mass spectrometry isolation of associated proteins from a complex cell-derived lysate offers over other techniques in terms of unambiguous by using an epitope-directed antibody. The protein pICLn engi-identification of proteins and the accurate measureneered to carry an epitope tag was purified from cultured human ment of peptide and protein masses.
embryonic kidney cells, and found to associate with a variety of
In this article we demonstrate an affinity-based approteins including the spliceosomal proteins smE and smG. By proach to purify protein complexes, and review the prinapplication of this general approach, the systematic identification ciples of mass spectrometry as applied toward the iden- (3) . This method is a laevis. While its precise function remains to be determined, it was originally suspected to function as a chloone-step batch adsorption. The recovery of interacting proteins by this approach is a function of their binding ride channel and, more recently, was implicated in the regulation of the spliceosome (4, 5) . Tagged pICLn was constant (and, more specifically, rates of association and dissociation) and abundance (i.e., copies per cell); recovered by immunoprecipitation from lysates of human embryonic kidney cells (HEK293T) 2 days followsolubility and concentration in the cell extract; and stability meaning both intrinsic stability of the interacting ing transfection of cells by using methods essentially described previously (6). HEK 293 cells are efficiently proteins under experimental conditions, and their resistance to attack by enzymes in the extract that would transfected (7) . The 293T variant expresses the large T antigen of SV40 virus and is capable of amplifying destroy them or disrupt their interactions.
The elution from the immune complex of bound pro-the transfected plasmid to further increase production of the plasmid-encoded protein. Approximately 2 ϫ 10 7 teins by using the free peptide to displace the bait protein and bait-associated proteins, but not proteins cells were transfected by addition of 10 g plasmid DNA (pCDNA3-Flag-pICLn) in the form of a calcium adsorbed nonspecifically to the antibody or immobilization matrix, or otherwise recovered in an insoluble form, phosphate/DNA precipitate (8) . Equivalent results were obtained by using lipid-mediated DNA transfecintroduces a high degree of specificity to this approach. An alternative approach for specific elution of captured tion methods (8) . Transfected cells were lysed by addition (1 ml) of lysis buffer [20 mM Tris-HCl pH 7.5, 150 protein complexes is the use of site-specific proteases to cut at sites engineered adjacent to the epitope tag. mM NaCl, 1 mM EDTA, 1% Nonidet, P-40 (NP-40), 0.5% sodium deoxycholate, 10 g/ml aprotinin, 0.2 mM Complementing this specific elution step are the conditions of cell extract preparation and immunoprecipita-AEBSF (Calbiochem, La Jolla, CA)] and clarified by centrifugation for 30 min at 20,000g. Cell lysates and tion which are designed to be permissive for a variety of protein interactions. This method favors the recovery proteins were maintained at temperatures between 0 and 4ЊC. The clarified lysate was subjected to immunoof preexisting protein complexes having relatively strong interactions (i.e., submicromolar K d ). It offers precipitation by addition of 5 g anti-FLAG monoclonal antibody covalently attached to crosslinked agarose advantages in that it does not favor the recovery of abundant nonspecific interacting proteins that would contribute significant "noise" to the analysis, but is clearly limited in its ability to recover interacting proteins that are present in small amounts (i.e., less that a few thousand copies per cell) and or having binding constants in the micro-to-millimolar range.
An adaptation of this immunoaffinity method would be to incorporate a chromatographic step wherein the cell extract is passed over a packed column of immobilized antibody. This method can increase the recovery of lower-abundance antigens (e.g., epitope-tagged "bait" proteins) and associated proteins. However, it has the disadvantages of being labor intensive, being less readily applied in a high-throughput mode, generally requiring conditions to be optimized for any given protein complex, and permitting the accumulation of interactions that may not be physiologically relevant.
Cell Transfection and Immunoprecipitation of an Epitope- tein conserved in species from Homo sapiens to Xenopus beads (M2, Sigma). The mixture was gently agitated
The analytical methods used to make these protein identifications, and alternative approaches, are deby inversion for 60 min. Immune complexes associated with the insoluble fraction were recovered by centrifu-tailed below. gation (1000g for 2 min) and washed by three cycles of resuspension in lysis buffer followed by centrifugation Sample Preparation for Mass Spectrometry as described above. Immune complexes were eluted from the beads by resuspension in 250 l 50 mM ammoTo facilitate the identification of the recovered immunoprecipitated proteins by MS, the stained bands connium bicarbonate (prepared just prior to use) containing 400 M FLAG peptide. Following a 30-min incu-taining one or more protein species are excised from the polyacrylamide gel, digested into polypeptides by bation, beads were subtracted by centrifugation, and the supernatant containing FLAG peptide and eluted treatment in situ with trypsin, and transferred into solutions and concentrations compatible with MS analproteins was lyophilized.
Proteins were resolved by standard one-dimensional ysis (depicted in Fig. 2 ). Techniques for the in-gel processing of proteins have been refined into standardized SDS-PAGE methodology, and stained with a colloidal Coomassie blue staining solution according to the man-protocols. The so-called "in-gel digestion" approach has been developed for the enzymatic fragmentation of proufacturer's recommendations (GelCode Blue, Pierce, Rockford, IL). Care was taken to avoid the introduction teins embedded in gel pieces and the extraction of the resulting peptides (11) . Sequencing-grade modified of contaminating proteins such as human skin-derived keratin during the preparation of samples for SDS-trypsin has been the enzyme of choice for highthroughput identification of proteins. A typical in gel PAGE. The stained gel reveals several proteins in addition to the bait protein pICLn (Fig. 1) . Some of these digestion protocol is reported in Table 1 . In this method the band of interest is excised from the gel, and subproteins have previously been identified by other methods, while some were not. For example, protein 4.1, jected to reduction and alkylation to break the cysteine bridges and prevent them from reforming. After equiliSkb1, IBP42, smB/BЈ, and smD3 were shown to interact by affinity chromatography or by a yeast two-hybrid bration with the corresponding buffer the gel pieces are swelled in a solution of trypsin, allowing the enzyme system (5, 9, 10). In contrast, smE and smG were not previously shown to complex with pICln.
to enter into the gel. The digestion is allowed to proceed
FIG. 2.
Schematic of MALDI-TOF analysis of protein digest. The excised band of interest is digested and the generated peptides are extracted as previously described. The peptide mixture is placed on a MALDI plate with matrix solution (described in text). After the liquid is dried, the plate is placed in the vacuum chamber of the MALDI-TOF instrument. The samples are rapidly transferred to the gas phase and analyzed by the TOF instrument by triggering a laser beam on the spot. The product is an MS spectrum that depicts the mass-tocharge (m/z) ratio of the peptides contained in the digest.
MALDI Mass Spectrometers, Peptides, and Protein at 37ЊC, generally overnight. The resulting peptides are Analysis extracted and prepared for MS analysis.
MALDI ionization is a technique in which samples of interest, in this case peptides and proteins, are cocrystallized with an acidified matrix (16) . The matrix is a small molecule, which absorbs at a specific waveMass Spectrometers for Protein Identification length, generally in the ultraviolet (UV) range and disTypically, a mass spectrometer consists of at least sipates the absorbed energy thermally. Typically, a three components: an ionization device, a mass separapulse laser beam is used to rapidly (few nanoseconds) tor, and a detector. Mass spectrometry is a very powertransfer energy to the matrix. This rapid transfer of ful separation technique; however, it is important to energy causes the matrix to rapidly dissociate from the understand that it is able to separate only molecules surface, generating a plume of matrix and the cocrystalthat are charged in the gas phase. Furthermore, mass lized analytes into the gas phase. It is not clear if the spectrometers are only able to either separate positive analytes acquire their charge during the desorption or negatively charged analytes at a time. The term process or after entering the gas plume of molecules by ionization is misleading, because most mass spectromeinteracting with the matrix molecules. However, the ters do not perform the ionization of molecules per se.
end result is a small pocket of charged analytes that Instead, the term ionization relates to the transfer to are present in the gas phase. To date, MALDI has been gas phase of analytes, while maintaining their charge, predominantly coupled in-line with time-of-flight (TOF) and/or acquiring a charge from the sample environmass spectrometers. The function of a time-of-flight ment, typically in the form of a proton. The study of mass spectrometer is to measure the time that analytes peptides and proteins is predominantly dominated by take to fly across a fixed path length (the TOF tube or two-sample ionization techniques: matrix-assisted lachamber). The charged analytes present in the plume ser desorption ionization (MALDI) (12) (13) (14) and elecare therefore transferred to the TOF tube after an aptrospray ionization (ESI) (15).
propriate time delay. To move the analytes into the TOF tube, a high voltage is applied to the MALDI plate, generating a strong electric field between the plates range is calibrated by using standards of known mass 5 . Rinse the gel with 50-to 100-l aliquots of 50-100 mM NH 4 HCO 3 and charge, the time-of-flight for a given ion can be for 10 min and remove excess. 6. Shrink the gel with acetonitrile for 10 min and remove excess.
converted to masses. The end result is a spectrum com- trix mixture (see Table 2 ) and successively spotted onto 10 . Digest overnight at 37ЊC (or at least for 3 h). tion triggered as previously described. An MS spectrum containing the mass-to-charge ratios of the peptides/ of a small tube and the entrance of a mass spectrometer. The electric field induces the charged liquid at the end proteins is then generated. The charge of molecules ionized by MALDI is typically 1.
of the tip to form a cone, called a Taylor cone, that minimizes the charge/surface ratio. Droplets are liberRecently, the MALDI ion source technology has also been coupled with a hybrid orthogonal mass spectrome-ated from the end of the cone, and travel toward the mass spectrometer entrance. The liberated droplets go ter. In this design the MALDI ionization approach is, but for minor modifications, essentially as described through a repetitive process of solvent evaporation from the droplets and fragmentation of the droplets into above. However, the TOF detector is replaced with an orthogonal mass spectrometer (e.g., Q-Star by PE-smaller droplets. This process leads to a large number of droplets of vanishing size until the solvent has disapSciex), which consists of a quadrupole followed by a collision cell and a pulsed perpendicular TOF mass peared and the charged analytes are in the gas phase.
Moreover, while the droplets are shrinking, the pH despectrometer. The hybrid instrument (MALDI-Q-Star) has the advantages of high-resolution mapping of the creases causing protonation of the analytes. Therefore, it is common to obtain multiply charged analytes by peptide masses contained in a peptide mixture and the option of efficient fragmentation of selected peptides ESI when dealing with trypsinized proteins.
Typically, electrospray ionization is used in conjuncby collision-induced dissociation. These fragmentation patterns contain information related to the amino acid tion with triple quadrupole, ion trap, or hybrid quadrupole time-of-flight mass spectrometers (reviewed in sequence of the peptides.
(17)). Electrospray ionization has significant advantage over MALDI in terms of ease of coupling to separation ESI Mass Spectrometers, Peptides, and Protein Analysis techniques such as HPLC, LC, and CE. ESI can also be used for the continuous infusion of samples. FurtherElectrospray ionization is also widely used to intromore, the tendency to provide multiply charged pepduce protein and peptide mixtures to mass spectrometides from tryptic digests, in conjunction with collisionters. Electrospray ionization (ESI) (15) allows the transinduced dissociation, allows the generation of enhanced fer of analytes from a liquid phase to the gas phase at MS/MS spectra over what has been achieved with either atmospheric pressure. The ionization process is conventional MALDI-TOF or the hybrid MALDI-Qachieved by applying an electric field between the tip Star instrument. 
Electrospray ionization and the MALDI-Q-Star in-

MALDI Plate for MALDITOF MS Analysis 2). Typically the generation of MS/MS spectra requires
Desalting two independent experiments. In the first pass, a mix- 
This process is termed collision-induced dissociation
Application to MALDI plate (CID) and generates both charged and neutral frag- ated. The difference in mass between certain peaks corresponds to the loss of a single amino acid. The se-can be classified into three subgroups according to the level of user intervention required. quence of the peptide can then be reconstituted by a ladder-walk done by measuring the mass difference beIn the first subgroup no interpretation of the spectra is required. The information contained in the spectra tween successive masses for specific types of ions (i.e., y or b series ions; see Fig. 3 ).
is directly correlated with protein/DNA sequence information contained in databases. Different algorithms The peptide masses are typically accurately measured using a MALDI-TOF or a MALDI-Q-Star mass have been developed for this specific task. These algorithms automatically search uninterpreted MS/MS spectrometer down to the low parts per million precision level. The ensemble of the peptide masses observed spectra against protein and DNA databases and some are freely available (for noncommercial entities) and in a tryptic digests can be used to search protein/DNA databases in a method often called peptide mass finger-can be accessed over the web. Mascot by Matrix Sciences (www.matrixscience.com) and ProteinProspector printing (18) (19) (20) (Fig. 4) . In this approach protein entries in the databases are ranked according to the num-from UCSF (http://prospector.ucsf.edu) are the most commonly used web-based MS/MS search engines. The ber of peptide masses that match to their predicted trypsin digestion pattern. Commercially available soft-identification of the protein is typically unambiguous through the number of peptides that match to the same ware provides a scoring scheme based on the size of the databases, the number of matching peptides, and the protein. Another algorithm that is popular is "Sequest" (21-23). For every MS/MS spectrum submitted this aldifferent peptides. Depending on the number of peptides observed, the accuracy of the measurement, and gorithm searches protein/DNA databases for the top 500 isobaric peptides and the corresponding predicted the size of the genome of the particular species, unambiguous identification can be obtained. spectra are generated (Fig. 5) . The predicted spectra are rapidly matched against the measured spectra by MS/MS spectra are a second set of information that can be used to identify a protein. The MS/MS spectra multiplication in the frequency domain using a fastFourier transformation. Correlation parameters, which contain the fragmentation pattern related to the amino acid sequence of specific peptides. The analysis of MS/ indicate the quality of the match between predicted and measured spectra, are then deduced. A high cross-MS spectra is typically more intensive. The approaches that are in used for the interpretation of these spectra correlation indicates a good match with the measured   FIG. 3 . Schematic of an MS/MS analysis of protein digest. The excised band of interest is digested and the generated peptides are extracted as previously described. (A) The peptide mixture is injected into the mass spectrometer by electrospray ionization. After an MS spectrum is acquired, a peptide with a given m/z is extracted from the spectrum and selected for fragmentation. The selected peptide is fragmented by collision-induced dissociation (CID) with gas molecules. (B,C) The fragmentation occurs at the peptide bond, preferentially generating protonated fragments of type b or y, depending on which fragment retains the charges (as indicated). The generated fragments are then separated according to their m/z ratio. The product is an MS/MS spectrum that contains information about the amino acid sequence of the selected peptide.
FIG. 4.
Process of identification of proteins based on mass measurement obtained on a MALDI-TOF: peptide mass fingerprinting. Analysis of band smE indicated by the arrow in Fig. 1 . Measured masses are extracted from the MS spectra obtained on the MALDI-TOF. The masses are then matched against calculated masses derived from the in silico digestion of protein databases. The database entry that has the largest number of matches is typically flagged as a potential identification. In this case, the band in question was identified as being the human small nuclear ribonucleoprotein polypeptide E.
FIG. 5.
Example of the identification of protein based on database searches using uninterpreted MS/MS spectra: Sequest. This software uses mass information to identify 500 related peptides from the database. Predicted spectra are then generated for the 500 spectra and correlated to the experimental spectra, resulting in correlation confidence values. The best matching peptide is then selected as a potential identification. Although identification can be performed with as little as one peptide, unambiguous identification of the protein is achieved by the redundancy of MS spectra that match to different peptides within the same protein. The Sequest analysis was performed by processing the band indicated by the arrow in Fig. 1 . The MS/MS spectrum was identified as being peptide VM OX VQPINLIFR, with the methionine being oxidized (M OX ) identifying a protein in this band as being small nuclear ribonucleoprotein polypeptide E. MS/MS spectra obtained from other peptides also matched this protein, confirming the identification. Additional peptides indicated the band contained a comigrating distinct protein, small nuclear ribonucleoprotein polypeptide G (smG; data not shown).
spectrum. Although protein identification has been per-database searching. Unambiguous identification of the protein is established by the multitude of peptides that formed with as little as one peptide using this algorithm, unambiguous identification of the provenance of match to the same protein. Over the years, different variations on this theme have been developed to pera protein is often achieved by the multitude of peptides that match to the same entry in a database. The Sequest form database searching using sequence tags. The main limitation of the "sequence tag" approach in large-scale algorithm is computing intensive, and for highthroughput demand can rapidly paralyze a dual-CPU proteomics efforts is the labor and expertise required to manually generate the required partial interpretaserver. The slow nature of Sequest is due to its attempt to find the best-matching 500 isobaric peptides. The tions of the MS/MS spectra. Attempts to automate the generation of sequence tags are underway to solve larger the database being repeatedly scanned to compile this list, the longer this function takes. An im-this problem.
The last subgroup, called de novo sequencing of proproved version of the software, called Turbo-Sequest, predigests and orders the databases, resulting in teins (27, 28) , is often used as a last resource when no matching information is available in databases and the greatly improved searching times.
The approaches in the second subgroup all involve quality of the MS/MS spectra is good. The MS/MS spectra of peptides contain ladder-type information, which, the partial interpretation of the MS/MS spectra and, therefore, require human intervention. The dominant in principle, indicates their amino acid sequence. Experienced mass spectrometrists can manually extract the approach, often called "sequence tag" (24) (25) (26) (Fig. 6) , consists of reading the mass spacing between a few peptide sequence from the CID spectra (de novo sequencing). specific fragments in a MS/MS spectrum and generating a short section (tag) of the peptide sequence. Using
Depending on the quality of the data and the complexity of the species under study, a single confident match this tag and the residual mass information, the provenance of the peptide can be ascertained by comparison between a peptide MS/MS spectrum and a protein sequence entry can be enough to identify a protein, or a with sequence and calculated masses obtained from protein databases for isobaric peptides. Every MS/MS family of proteins. The required sequence coverage for unambiguous identification increases for homologous spectrum requires the generation of a tag followed by   FIG. 6 . Example of identification of a protein (smE) based on database searching and partial interpretation of MS/MS spectra: sequence tag. The sequence tag approach was used to analyze an MS/MS spectrum obtained from a peptide isolated from the tryptic digest of the band indicated by the arrow in Fig. 1 . The MS/MS spectrum is partially interpreted to provide a small stretch of amino acid sequence. The mass of the peptide, its sequence tag component, and the residual masses before and after the tag are then used to search databases. A list of matching peptides is typically provided with no scoring scheme. The MS/MS spectrum was identified as being peptide VM OX VQPINLIFR, with the methionine being oxidized (M OX ) as being small nuclear ribonucleoprotein polypeptide E. MS/MS spectra obtained from other peptides also matched this protein, confirming the identification.
proteins, when the peptide identified is not unique to amino and carboxyl termini of a protein of interest. A variation on this approach is to make stable cell lines a protein, when dealing with databases of poor fidelity that express physiological levels of the bait protein, or and/or partial coverage, and when accessing SNP datato use antibodies directed against the native protein to bases. Clearly, every subsequent peptide MS/MS speccapture endogenous bait and bait-associated proteins. trum that is matched to the same protein further inThe ability to capture endogenous protein complexes creases the confidence level of the identification. from a variety of relevant cell types and states remains The end result of each of these MS-based approaches a challenge in proteomics. is the delivery of the identity of the proteins presented While the yeast two-hybrid method for measuring for analysis or the partial amino acid sequence of protein-protein interactions can accommodate a wide novel proteins.
range of binary protein affinities, it is also prone to generate false-positive results: identifying protein pairs that can interact, but do not necessarily associate in
CONCLUDING REMARKS
vivo. The one-step affinity capture method has the potential to purify multiprotein complexes stabilized by Protein identification based on searches of databases the additive effects of several weak interactions. A limiwith tryptic peptide masses and MS/MS spectra is simitation of this approach is that the primary data do not lar to the identification of an individual face in a crowd:
indicate the individual points of contact in a protein the larger the crowd the more information is required complex. This highlights the need for interaction verifiabout the individual before achieving a conclusive iden-cation. One mechanism to verify protein interactions is tification. Similarly, the species of origin of the proteins to "walk" through the complex by placing, in turn, the in question and, therefore, the quality and quantity of epitope tag on each member of the suspected complex. corresponding available genomic information affect the This serves to verify interactions, and provides informaamount of MS-derived information necessary to unam-tion toward deconvoluting the binary interactions of a biguously identify a protein. Generally, MS analysis of complex composed of several proteins. peptide mixtures can provide information related to the The MS-based analytical methods reviewed in this mass of peptides (MS scan), their amino acid sequence article can detect small amounts of interacting proteins (MS/MS scan), and, potentially, the presence of post-and can be coupled with a wide variety of protein sepatranslational modifications such as phosphoryl groups. ration and protein capture strategies. The efficiency of
The analytical methods described in this study are this approach will improve along with the genetic and tolerant of protein mixtures, and the comigration of protein databases and their associated software tools. proteins during electrophoresis is independently identi-Indeed, it is anticipated that advances in proteomics fied by MS analysis. In the example described in this software and bioinformatics will greatly influence our study, the protein smG, related to smE, was identified understanding of protein function and cell regulation. in the same gel fragment that contained smE (MS and MS/MS data not shown). The specific findings reported herein are consistent with suggestions that the protein ACKNOWLEDGMENTS pICLn participates in the regulation of RNA processing through the direct interaction with the spliceosomal pICLn participates in a variety of protein-protein interactions, it does not possess any easily recognized protein-protein interaction domains. We conclude pICLn
